Introduction
There has been a significant focus on aluminum (Al) chemistry to study its role as a toxic agent to organisms. [1] [2] [3] [4] [5] [6] It has been documented that Al causes an inhibition of root formation in plants, 1, 2, 8 abnormal development in fish, neurological and bone tissue and hematological disorders in human. 9, 11 Due to the increased bioavailability of Al and its effects on life systems, research on determining how Al enters different cells and affects cell chemistry and morphology, as well as the mechanism of its action and the fate of the Al species are essential areas of Al chemistry for the future. 7, 10 Alphaketoglutaric acid (α-KG, in Fig. 1 ) is widespread in many microorganisms, and is isolated from higher plants. As an intermediate in carbohydrate metabolism, it regulates some fundamental physiological processes, e.g. "the Krebs cycle". Furthermore, as an intermediate in amino acid synthesis converted to L-glutamic acid by glutamate dehydrogenase (GDH), it therefore occupies a pivotal position in the metabolism of most life forms, and provides a link between carbohydrate and nitrogen metabolism. 12 More recently, Zatta and his co-workers 14 reported that Al has been shown to affect the enzyme activity of the Krebs cycle: Al activates α-ketoglutarate dehydrogenase and succinate dehydrogenase.
In contrast, aconitase and glutamate dehydrogenase (GDH) showed a decreased activity in the presence of the metal ion of Al in rat brain homogenate. The activity of isocitrate dehydrogenase, a competitor for the substrate isocitrate, appeared to be markedly diminished in cells exposed to Al. 21 Furthermore, Al has been demonstrated to be a strong inhibitor to some enzymes of glycolysis as well as glucokinase and phosphofructokinase. 13, 15, 16 All of these findings reinforce the possibility that Al could interfere with the bioenergetics pathways in mitochondria. In particular, Al inhibits the reversible reaction of GDH catalyzed converting of glutamate to α-ketoglutarate. This inhibitory effect could decrease the formation of α-ketoglutarate. The concomitant inhibition of aconitase by Al also further contributes to the decreased production of α-ketoglutarate. It could influence on "Krebs cycle" in brain cells. Moreover, defects in the synthesis of bioenergy metabolism may play a role in the pathogenesis of neurodegenerative diseases, such as AD (Alzheimer's disease) and PD (Parkinson disease). 11, 14 In addition, the inhibitory effect also affects the formation of glutamate, which may influence the amino acid synthesis and contribute to the Al toxicity mechanism of higher plants.
Since α-ketoglutaric acid plays such a very important role in enzyme systems, especially in the Krebs cycle and transamination process, its interaction with Al may influence the fundamental process. It will be very interesting to investigate the effects of the Al complex of α-KG in order to further understand Al's role and mechanism in these enzyme reactions. It requires knowledge of Al-α-KG interactions at the It has recently been reported that aluminum plays a very important role in reducing the activity of Krebs-cycle enzymes and glutamate dehydrogenase in rat brain homogenate. Therefore, it is necessary to identify the aluminum binding ability with the pivotal substrate α-ketoglutarate in biological systems. The interactions of aluminum with α-ketoglutarate were studied with pH-potentiometry, cyclic voltammetry, UV-vis, 1 H, 27 Al-NMR and Raman spectra multi-analytical techniques in acidic aqueous solution to measure the stoichiometries and stability constants of the complexes and its ketoenol tautomerism. The α-ketoglutarate was found to bind Al in a bidentate manner at the carboxylate and carbonyl moieties. The mononuclear 1:1 (AlLH-1, AlL + , AlHL 2+ ) and 2:1 (AlL2 -, AlL2H-2 3-) species, and dinuclear 2:1 (Al2L 4+ ) species were found in acidic aqueous solution. Meanwhile, Al can promote α-KG tautomerize to its enolic-structure compounds in solutions. These findings may help to further understand the influence of Al on GDH enzyme reactions in biological systems. molecular level. Such bioinorganic studies were performed in order to clarify various aspects of structures of Al-α-KG complexes, and to fill the gap between knowledge concerning biochemical and biological phenomena. In the past, there were many studies on the interaction of transition metal ions with oxaloacetic acid, as well as Cu 2+ , Co 2+ , Ni 2+ , Zn 2+ , Fe 3+ , Ca 2+ , Sr 2+ metal-ion interaction with α-KG. [17] [18] [19] [20] 25 However, the study of complexation between Al and α-KG has not been found in the available literature. In this paper, we report on the interaction of Al with α-ketoglutarate in acidic aqueous solution in order to further understand Al's potential toxicity in biological systems.
Experimental

Chemical and solutions
All chemicals were obtained from Shanghai Chemical Reagent Factory or Beijing Chemical Factory and used as received unless otherwise noted. Alpha-ketoglutaric acid (α-KG, 99.50%) was of biological-reagent grade. Its stock solution (0.01 M) was prepared daily before experiments by dissolving an appropriate amount of α-KG solid in double-distilled water. A stock solution of Al 3+ (0.01 M) was prepared by dissolving high-purity metallic Al powder (99.99%) in hydrochloric acid and diluting it to 250 ml. More dilute solutions were prepared by diluting this solution with double-distilled water. To prevent hydrolysis of the metal ion, the Al stock solutions were prepared at pH < 2. The ionic strength of a potentiometricstudied solution was adjusted to 0.1 M with KCl. Potassium hydroxide solutions (ca. 0.1 M) were standardized against potassium hydrogenphthalate.
Most chemicals were of analytical reagent grade. 1 H, 27 Al-NMR experiments were prepared by dissolving appropriate amounts of α-KG and AlCl3·6H2O in D2O. Necessary polyethylene vessels were used. All lab-glassware were soaked in 10% HNO3 for at least 24 h, then carefully washed with double-distilled water. The solution pH was adjusted by a buffer solution of NaAc with HAc (pH 4.50), or by adding a sodium hydroxide solution.
pH-metric measurements
The pH-metric titration was measured with a 77785 Titrator Radiometer (Denmark) with a pair of electrodes (glass electrode and calomel electrode), which were first calibrated for the hydrogen-ion concentration according to Irving et al. 22 The proton and Al complexes stability constants were measured by pH-metric titration of 50.0 ml samples. The temperature, 25±0.1˚C, was maintained by circulating thermostated water through a jacket. Pure nitrogen gas was bubbled through the solution to provide an inert atmosphere with stirring. Additional stirring of the solution was achieved with a magnetic stirrer. The concentration of Al 3+ was 1 mM, and the ligand-tometal ion ratios were 1:0, 1:1, 2:1, 5:1 for the binary system, respectively. Titration was performed over the pH rang 2.00 -10.61, or until precipitation occurred, with a KOH solution of known concentration (ca. 0.1 M) and a constant ionic strength (I = 0.1 M KCl). Duplicate titrations were carried out and the reproducibility of the titration curves was within 0.01-pH unit over the whole pH range. The stability constants of the main metal species were calculated with the aid of the computer program BEST. 23 Complexes were added to the model one at a time until the lowest value of σfit was achieved (usually less than 0.02).
NMR experiments
1 H-NMR experiments were operated at 500 MHz on a Bruker AM500 spectrometer (Swiss). Al-α-ketoglutarate was prepared in D2O to provide all NMR lock signals. The pD values were calculated via the equation 27 pD = pH-meter reading + 0.45 to allow for isotopic and solvent effects caused by the substitution of normal water (calibration environment) with heavy water (measurement environment). Chemical shifts were referenced to HDO for 1 H-NMR spectra. Typical NMR parameters had a pulse width of 50 ms (30˚) and, a pulse repetition time of 1.29 s; 128 scans were accumulated for the 1 H-NMR spectrum. The 27 Al NMR spectra were recorded on a JEOL 90Q FT-NMR spectrometer (Japan) at 23.29 MHz, with 8 K data points and a 2500 Hz spectral width. Chemical shifts were referenced to an external coaxial insert containing 0.1 M [Al(H2O) 6] 3+ included with every sample for the 27 Al NMR spectra. The NMR measurements were carried out at room temperature after allowing the sample solution to stand for more than 24 h.
Cyclic voltammetry, UV-vis and Raman measurements
Cyclic voltammetry was performed using a BAS-100B Electrochemical Analyzer (USA) with a three-electrode system at 25˚C. A hanging mercury electrode (HMDE) was used as the working electrode; a saturated calomel electrode (SCE) was used as a reference electrode and a platinum wire as an auxiliary electrode. An inert gas, pure nitrogen, was used for degassing of solution prior to measurements. UV-vis spectra were recorded on a Shimadzu UV-3100-VIS-NIR spectrophotometer (Japan); the splitting width was 0.5 nm. Raman spectra were obtained on a Bruker RFS100 spectrophotometer (Swiss). 
Results and Discussion
Complexation
To assess the binding abilities of Al with α-ketoglutarate in aqueous solution, pH-metric studies were performed in an acidic aqueous solution. Alpha-ketoglutaric acid in its fully protonated form is designated as H2L. The carboxyl groups can be twice deprotonated. 26 Three titrations were repeated for each sample solution of α-KG in the range of pH 3.02 -10.61. The obtained pKa values are given in Table 1 , which agree well with the reported values. 26 When an equimolar quantity of Al 3+ was added to a solution of α-KG (1 mM), the pH of the resulting solution decreased by approximately 1.02. For 1:1 Al-α-KG systems, the range of titration was limited from 2.0 to 5.3 because precipitation occurred above pH 5.3, and the solution became clear at pH 9.0, probably due to the low solubility of the metal complexes, or metastable Al-hydroxo species under this condition. The deviation of the titration curve of Al-α-KG from that of α-KG, however, was sufficient to determine the complexes formed in the pH range of titration. Figure 2 shows an example of the titration curves of the pH versus the volume of the titrant for the ligand-to-metal (L/Al) ratios of 1:1, 2:1 and 5:1. To simulate the titration curve, 36 -46 data points of each titration were used.
The results of potentiometric data of the complexation equilibriums between α-KG and Al are given in Table 1 . Also, Fig. 3 (a) shows the distribution diagrams from pH 2.0 to pH 5.5 of Al and α-ketoglutarate at a concentration of 1 mM in the case of the Al:L = 1:1 system. At pH 4.5, except for Al 3+ , the 1:1 species AlL + and AlLH-1 are predominant in acidic solution. These two 1:1 complexes may be expected in equal amounts at about pH 4.7. Below pH 4.5, the mononuclear AlHL 2+ and dinuclear Al2L 4+ species are increased, but are still small. The proportion of the 1:2 species AlL2 -, AlL2H-2 3-increases with increasing the L/Al ratio and the sample concentration. Figure  3 (b) shows the 1:2 species AlL2 -at pH 4.5 and AlL2H-2 3-at pH 5.7, becoming the predominant enolic species in the CAl = 0.05 M, Cα-KG = 0.15 M system. However, the 1:3 complex AlL3 3-is neglected due to the small metal ion Al 3+ ; also, the ligand ionic sphere causes a steric inhibition. The computer calculation program also rejects it. Like glutamic acid, the tridentate coordinating ability of α-KG is much weaker owing to the lower stability of the second seven-member chelating ring. 27 In order to understand the complexation of Al with α-KG in acidic aqueous solution, we compared the electrochemical behaviors of α-ketoglutarate in both the presence and absence of Al using a cyclic voltammetry technique. Figure 4 shows a cyclic voltammogram of 1 mM α-ketoglutarate in the presence of different L/Al ratios of 1 mM Al with a 0.10 M pH 4.50 HAc-NaAc buffer solution. At a scan rate (v) of 100 mV/s, the major feature for the free ligand (curve a) was an irreversible redox process with a peak potential (EpC) of -1.18 V vs. SCE. The possible adsorption redox process is assigned to the reaction >C=O → >CH-OH.
Curves b to d give voltammograms corresponding to different ratios of L/Al. In the presence of Al, the free ligand peak decreased and a new irreversible redox peak appeared near Epc = -0.82 V vs. SCE. Those peaks can probably be assigned to the adsorption of the complexed ligand. A good linear relationship between the scan rate (v/mV s -1 ) and the peak current (ip/A) is observed (Fig. 5a) , which means that the electroactive process is an irreversible adsorption one. By using the equation 29 1/ip = 1/ip,max + 1/βip,max·1/CA n (where ip is the measured peak current, ip,max is the peak current when all metal ions form the complex and CA is the concentration of the ligand, n is the coordination number, β the conditional stability constant), a plot of 1/ip vs. 1/CA n is shown in Fig. 5 (b) . A straight line (n = 1) is obtained (r = 0.999), which indicates that the composition (1:1) of the electroactive complexes on the surface of the mercury electrode is the same as the complexes in the solution. It also agreed with a study of 
(a) (b)
the previous potentiomeric titration. Al has a predominant tendency to form chelates with ligands containing oxygen donor sites, leading to the formation of fiveor six-membered chelating rings. The values of the chemical shifts are much lower (0 -5 ppm) for chelates containing sixmembered octahedral chelate rings. 32, 33 With the α-KG, which is a typical carbonyl carboxylic acid, Al could form 1:1, 1:2 and 2:1 six-membered octahedral chelate at carbonyl and adjacent carboxylic moieties, and the hydrolytic reaction of Al becomes appreciable above pH 4.0. 32 As shown in Fig. 6 (B) , one peak at δ = 0.29 ppm in the presence of Al (0.05 M) and α-KG acid (0.15 M) at pD = 2.0 solution, therefore, should be contributed to the Al-α-KG complexes resonance. However, in other acidic pH regions, some resonances are undetectably broad, which may due to the Al-α-KG complexes asymmetric structures or because of using relatively low-performance magnets.
According to studies of pH-metric titration, cyclic voltammetry and 27 Al-NMR spectra, as a "hard acid", Al could effectively coordinate with the carboxylate and carbonyl groups of α-ketoglutaric acid in aqueous solution owing to the high affinity of Al toward oxygen. The 1:1 chelating complexes are the major forms in lower concentration solutions (1 mM 
Tautomerization
UV-vis spectrometry is a common tool for structural analysis, especially for the olefinic compound. As shown in Fig. 7 (a) , in the presence of a concentration of 1 mM α-ketoglutarate with Al at different Al/L ratios, pH 4.50 aqueous solution (the solution pH was carefully adjusted by adding a 0.1 M sodium hydroxide solution), the appearance of a declining absorption band at 200 -240 nm (λmax = 212 nm) upon adding Al ions to α-ketoglutarate occurred in the UV-vis spectra. The decrease in the intensities of -COO -band as a function of L/Al ratios may contribute to the increased complexation of Al with the α-ketoglutarate carboxyl moiety and the occurrence of π→π * electron energy transitions. Meanwhile, the increased shoulderabsorption band around 260 nm (240 -280 nm) suggests the formation of an enolic chelating compound (unsaturated enolic acid). 17 It also indicates the occurrence of the tautomerization of Al-α-ketoglutarate complexes. With an increase of the Al/L ratios, the absorption peaks increase, which elucidate the increasing amount of enolic structure compounds. In other words, Al can promote the enolization of α-ketoglutarate by chelating with the substrate. The lower absorption peak of the spectra shown around 330 nm (300 -340 nm) suggests the characteristic spectra of α-ketoacids.
This very weak absorption is due to the carbonyl group n→π * weak electron energy transitions. 17, 28 Also, these decreases of the absorption peak contribute to the complexation of >C=O with Al. Meanwhile, by using 0.1 M pH = 4.50 HAc-NaAc as the reaction system buffer solution, as shown in Fig. 7 (b) , it is also clear that Al could promote α-KG tautomerization, which is substantially increased at the λ = 260 nm shoulder-absorption band.
To shed light on this interaction, we have employed the 1 H-NMR technique to examine the ligand and complexes. The 1 H-NMR spectra of α-ketoglutarate acid and its Al complexes at the concentration of CAl = 10 mM; Cα-KG = 50 mM and pD = 3.5 D2O solutions are shown in Fig. 8 , The spectrum of ligand (A) was found to consist of three clearly separated sets of signals: δ = 2.16 ppm and δ = 2.49 ppm are the resonances in the ketoform of α-KG two 1 H (CH2) signals, while δ = 2.72 ppm is the resonance in the enol-form of α-KG H (CH2) signal. For the Al-α-KG complex spectrum (B), δ = 2.43 ppm suggests the H signal (Fig. 1, i′) and the δ = 4.90 ppm suppose to the H signal (Fig. 1, h′) of enol-form of Al-α-KG. The peak δ = 4.84 ppm corresponds to the exchanged HDO. 28 These spectra probably contributed to the formation of an enol-form complex in the system. Therefore, it proved that the enolic form of complex increases because Al promoted enol-keto tautomerization.
In order to further confirm the tautomerism phenomena of α-ketoglutarate with Al, we employed Raman-spectra techniques to examine α-KG and its Al complexes. The Raman spectra were obtained to study the CAl = 0.05 M, Cα-KG = 0.15 M complexes system. Figure 9 shows the Raman spectra of α-KG with and without Al for pH 5.2 aqueous solutions. The most significant stokes line (A) at about 1720.0 cm -1 and 1404.2 cm -1 are ascribed to >C=O asymmetric stretching vibrations (νas COO-) and symmetric stretching vibration (νs COO-) of α-KG, respectively, whereas ∆(νas-νs) = 315.8 cm -1 . In the presence of Al, the species-shifts (B) were obviously move to 1641.0 cm -1 and 1414.6 cm -1 , and ∆(νas-νs) decreased to 226.4 cm -1 . This not only means the complexation of α-KG with Al, 28 but is also attributed to the >C=C< vibration band (1641.0 cm -1 ), which is verified by the enolic structure of the complexes.
The keto-enol tautomerization of the Al-α-KG system has been observed on UV-vis, 1 H-NMR and Raman spectra. Concerning the structures of the complexes, we believe that there exists equilibrium between the two forms: keto-form enol-form. The equilibrium is, however, shifted to the left or right, depending on the different solvent, solution acidity and the concentration of Al-α-KG. At a lower concentration (1 mM), the keto-form species is the major form (Fig. 3 a, AlL + ) , because the keto-structure of α-ketoglutaric acid in dilute aqueous solution (<1 mM) is the dominating form in which the carbonyl double bond is not broken. 31 However, with an increase of the complex solution pH and concentration, the enol-form species is increased (Fig. 3b , AlL2H-2 3-and AlLH-1). Furthermore, comparing the thermodynamical properties, the affinity of Al with the enol-form hydroxyl group is stronger than that of the keto-form carbonyl group, especially at high concentration and pH solutions. In other words, the hydroxyl group in enol-form is a "hard base"; in contrast, the carbonyl group in the keto-form is a "soft base". 30 
Transamination
Glutamate can be produced from α-ketoglutarate via a transamination reaction catalyzed by glutamate dehydrogenase (GDH) or through other pathways. This reaction occurs in all life forms. The GDH activity is allosterically regulated and can catalyze the conversion of glutamate to α-ketoglutarate. The inhibitory effect of the Al ion can decrease the GDH activity. 14 α-ketoglutarate and glutamate. However, it is unclear how Al induces a conformational change where Glu or NAD has an effective affinity toward the enzyme. According to the potentiomeric titration analysis (Fig. 10) , the Al ion has a higher affinity for α-ketoglutarate than glutamate at the same concentration in terms of the electrostatic repulsive effect of the -NH3 + group and the coordinating Al 3+ ion. 14 It has been found that the strength of complexation to the Al ion strongly decreased in the sequence 24 dicarboxylic acid hydroxyl carboxylic acid > carboxylic acid amino acid. Al has a strong affinity for citrate and isocitrate, which can explain the observed reduction in the ability of aconitase and isocitrate dehydrogenase to catalyze isocitrate and α-ketoglutarate production in the presence of the metal ion. 14 However, this simple explanation may not be suitable for Al with the α-ketoglutarate and glutamate system due to the weak complexation. It is necessary to consider the enzyme GDH and the coenzyme NAD/NADH primary binding sites and secondary conformational changes in a supermolecular system.
Although the effects of Al on biological systems have been extensively described, direct information concerning the molecular basis of its effects on enzyme systems and cell culture is rather scant. Al influences (inhibits or activates) not only acid-base enzymes, but also some redox enzymes (including dehydrogenase). 11, 13 Most of them are activated by some metal ions (Mg 2+ , Ca 2+ , Zn 2+ ). The effect of Al in these enzymatic processes is generally the displacement of metal ions. Therefore, we compared the Al-α-KG complex formation constants with other related biological metal ions α-KG complexes. The formation constants (log k1) for α-ketoglutarate Fe 3+ , Cu 2+ complexes were reported to be 5.2 and 5.0, respectively, while Al-α-KG was 1.92 (log k1: AlHL 2+ ) in this work; these values are significantly higher than the log k1 values of 1.13, 1.14 and 1.29 reported for this with Zn 2+ , Sr 2+ and Ca 2+ , respectively. [18] [19] [20] 
Conclusions
In this paper, the interactions of aluminum with α-ketoglutarate in aqueous solution were studied by means of many analytical techniques. It was proved that the 1:1 chelated complexes were formed in a dilute acidic solution. With an increase of the sample concentration and the L/Al ratios, the 2:1 (L/Al) species was also found to exist. It was found that aluminum not only binds α-ketoglutarate in a bidentate manner at the carboxylate and carbonyl moieties, but also promotes the substrate to tautomerization. Furthermore, according to the electrochemical behaviors, α-KG is supposed to act as an available lowmolecular-mass ligand for the electrochemical determination of aluminum in biological system. Since Al has a 3+ oxidation state in biological systems, and Al primarily complexes with biocomponents through the electrostatic interaction, these results may help us to understand the origin of the toxicity of aluminum at a molecular level. ANALYTICAL SCIENCES FEBRUARY 2003, VOL. 19 
